is an important mediator of obstruction-induced renal fibrosis and renal tubular epithelial cell (TEC) injury. IL-18's proinflammatory properties have been attributed, in part, to NF-B activation and the stimulation of cytokine gene expression; however, STAT3 has increasingly been shown to mediate renal fibrotic injury. We therefore hypothesized that IL-18 mediates profibrotic TEC injury via STAT3 activation. Male C57BL6 wild-type mice and transgenic mice for human IL-18-binding protein were subjected to unilateral ureteral obstruction or sham operation. The kidneys were harvested 1 or 2 wk afterward and analyzed for active STAT3 (p-STAT3) expression (Western blotting, immunohistochemistry) and suppressor of cytokine signaling 3 (SOCS3) expression. In a separate arm, renal tubular cells (HK-2) were directly stimulated with IL-18 for 2 days with or without the STAT3 inhibitor S3I-201 (50 M). Cell lysates were then analyzed for p-STAT3 and SOCS3 expression, profibrotic cellular changes (collagen and ␣-SMA expression), and tubular cell apoptosis. p-STAT3 and SOCS3 expression increased significantly in response to obstruction; however, a significant reduction in p-STAT3 and SOCS3 expression occurred following 1 wk, but not 2 wk, of obstruction in the presence of IL-18 neutralization. In vitro results similarly demonstrate increased p-STAT3, SOCS3, ␣-SMA, and collagen III expression, and increased collagen production and TEC apoptosis in response to IL-18 stimulation, but the response was significantly diminished in the presence of STAT3 inhibition. These results demonstrate that IL-18-induces profibrotic cellular changes and collagen production in TECs via STAT3 activation.
OBSTRUCTIVE NEPHROPATHY IS a major cause of end-stage renal disease (ESRD) in both adults and children. The histological changes associated with chronic renal obstruction include a prominent inflammatory cell infiltrate, followed by progressive tubulointerstitial fibrosis and tubular epithelial cell apoptosis (10) . In the kidney, interstitial fibrosis is characterized by de novo activation of ␣-smooth muscle actin (SMA)-positive myofibroblasts, the principal effector cells responsible for excess extracellular matrix deposition.
IL-18 is a proinflammatory cytokine that has been implicated in the pathophysiology of obstruction-induced renal injury (4) and has been demonstrated to induce both profibrotic changes and apoptosis in tubular epithelial cells in vitro (4, 40) . IL-18 is structurally and functionally related to the IL-1 family and is synthesized as an inactive precursor, similar to IL-1␤, that requires cleavage into an active molecule by caspase 1 (23) . IL-18 is produced by a wide range of cells, including tubular epithelial cells, and binds to its specific receptor IL-18R, resulting in the recruitment of MyD88 to the cytosolic Toll/IL-1R (TIR) domain of the IL-18R itself. This, in turn, activates a signaling cascade leading to the activation of NF-B, p38 mitogen-activated protein kinases, and AP-1 (6, 28) . Through this mechanism, IL-18 can induce the production of other inflammatory cytokines such as IL-1␤, TNF-␣, and IL-6 (18, 35) .
The STAT signaling pathway is an important cascade for signal transduction for a wide variety of growth factors and cytokines (12) . This pathway regulates gene expression, as well as cellular activation, proliferation, and differentiation (8, 9) . The suppressors of cytokine signaling (SOCS) are a family of proteins that negatively regulate the JAK/STAT signaling pathway by inhibiting STAT phosphorylation (21) . STAT signaling has increasingly been implicated in the pathophysiology of fibrotic renal disease, including obstructive nephropathy, ischemia-reperfusion injury, diabetic nephropathy, and glomerulonephritis (1, 2, 3, 5, 19, 22, 25, 27, 29 -31, 34, 36, 38, 39, 41) . Kuratsune et al. (22) have demonstrated that STAT3 is activated in renal tubular epithelial cells and myofibrobasts in response to 3 or 7 days of ureteral obstruction, and Pang et al. (31) have demonstrated that the STAT3 inhibitor S3I-201 reduces the expression of obstruction-induced profibrotic markers as well as several different proinflammatory mediators. The relationship between IL-18 and STAT3 signaling during obstructive renal injury, however, remains unknown. We therefore hypothesized that IL-18 mediates profibrotic renal tubular cell injury via STAT3 activation. To study this, we examined renal cortical STAT3 activation and SOCS3 expression in male C57BL6 wild-type (WT) mice and mice transgenic for IL-18-binding protein (IL-18BP Tg) using a well-established model of unilateral ureteral obstruction (UUO). In a separate arm, human proximal tubular cells (HK-2) were directly stimulated with IL-18 in the presence or absence of a STAT3 inhibitor and subsequently examined for STAT3 activation, SOCS3 expression, ␣-SMA expression, collagen production, and apoptosis.
MATERIALS AND METHODS
Animals, experimental groups, and operative techniques. The animal protocol was reviewed and accepted by the Animal Care and Research Committee of the Indiana University School of Medicine. Male C57BL6 mice transgenic for IL-18 BP Tg were generously donated by Dr. Charles Dinarello (University of Colorado Health Science Center, Denver, CO). These mice overexpresses human IL-18-binding protein isoform a and reliably inhibit IL-18 activity, but do not have any notable phenotype (15) . The genotype of the mice was confirmed with a PCR analysis of expected DNA samples from tail snips (5= primer: 5=-ACA CCT GTC TCG CAG ACC AC-3= and 3= primer: 5=-TCA GCT GCT CCA GCA CCA A-3=) as described by Fentuzzi et al. (15) , and overexpression of serum levels of human IL-18BP was confirmed using an ELISA (Human IL-18BP Duo SET ELISA; R&D Systems, Minneapolis, MN) before utilization of the animals (3).
Male WT or IL-18BP Tg mice weighing 25-30 g (6 animals/group) were housed in a nonstressful environment for 1 wk before initiation of experiments. The animals were then anesthetized with isoflurane, and the left ureter was isolated and completely ligated with 5-0 silk suture. Sham-operated mice underwent an identical surgical procedure without ureteral ligation. One or two weeks postoperatively, mice were reanesthetized, the left kidneys were removed and snap frozen in liquid nitrogen, and the animals were subsequently euthanized.
Tissue homogenization. A portion of each renal cortex was homogenized after the samples had been diluted in 10 vol of homogenate buffer/g of tissue [10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 mM EGTA, 0.1 mM DTT, and Complete Protease Inhibitor tabs (Boehringer Manheim, Indianapolis, IN)] using a vertishear tissue homogenizer. Renal homogenates were then centrifuged at 3,000 g for 15 min at 4°C, and the supernatants were stored at Ϫ80°C until the ELISAs or Western blots could be performed.
Cell culture, IL-18 stimulation, and S3I-201 treatment. The human proximal tubular cell line HK-2 was cultured in keratinocyte serumfree mediumϩ5 ng/ml epidermal growth factor and 50 g/ml bovine extractϩ100 U/ml penicillin and 100 g/ml streptomycin. The cells were passaged weekly by trypsinization (0.25% tripsin, 0.02% EDTA) following formation of a confluent monolayer and placed in serumfree media 24 h before IL-18 stimulation. Recombinant mature IL-18 (100 ng/ml; R&D Systems) was added to the cells, with untreated cells serving as controls. The cells were treated with vehicle (0.05% DMSO) or S3I-201 (50 M; EMD Chemicals, San Diego, CA) 2 h before IL-18 stimulation. Pilot studies indicated that pSTAT3 levels peaked in HK-2 cells after 48 h of IL-18 stimulation; therefore, the cells were exposed to IL-18ϩvehicle/S3I-201 for 2 days, and both supernatants and cell lysates were harvested (3 plates/treatment group).
Real-time PCR. Total RNA was extracted from renal cortical tissue or cell lysates by homogenization in TRIzol (GIBCO BRL, Gaithersburg, MD) and then isolated by precipitation with chloroform and isopropanol. Total RNA (0.5 g) was subjected to cDNA synthesis using iScript (Bio-Rad, Hercules, CA). cDNA from each samples was analyzed for collagen III a1 (Mm00802331_m1) and SOCS3 (Mm00545913_s1) using a TaqMan gene expression assay (RT-PCR; Applied Biosystems, Foster City, CA). FAM/Dye MGB-labeled probes for mouse ␤-actin (Applied Biosystems) served as endogenous controls.
Cell supernatant total collagen concentration. The total soluble collagen concentration within cell supernatants (3/group) were measured with a Sircol collagen assay kit (Accurate Chemical and Scientific, Westbury, NY) according to the manufacturer's protocol. The total collagen concentration was measured at 540 nm in all collected supernatants.
STAT3 tissue staining. Tissue sections (4 m) were deparaffinized and dehydrated with xylene and alcohol. Antigen was retrieved by incubating the cells with proteinase K for 20 min in an oven. The tissues were then blocked with 1% bovine serum albumin. Slides were incubated with anti-p-STAT3(Tyr705) antibody (1:25; Cell Signaling, Danvers, MA) for 30 min. The slides were washed in TBS and incubated with the secondary antibody (goat anti-rabbit; Dako EnVision, Carpinteria, CA) for 30 min. Peroxidase-stained sections were then developed with 3,3"-diaminobenzidine and counterstained with hemalum. Sections incubated without primary antibody exhibited no staining.
TdT-mediated dUTP nick end labeling assay. Fluorometric DNA strand breaks representative of apoptosis were detected using terminal deoxynucleotidyl transferase incorporation of fluorescein-dUTP (ApopTag Red in situ Apoptosis Detection kit, Temecula, CA). Adherent HK-2 cells were prepared from each group and fixed in 1% paraformaldehyde for 10 min at room temperature (RT). After cellular permealization with 20 g/ml proteinase K for 15 min, the slides were exposed to terminal deoxynucleotidyl transferase fluorescein labeling for 1 h at 37°C. The slides were then washed in PBS and exposed to anti-digoxigenin conjugate for 30 min at RT. The slides were washed again and counterstained (10 g/ml bis-benzimide) for 10 min at RT. The specimens were mounted in an antiquenching medium (ProLong Antifade Kit; Molecular Probes, Eugene, OR) and maintained at Ϫ4°C until the microscopic examination could be performed. The number of fluorescent nuclei were quantified per high-power field in each treatment group and compared. Samples were analyzed in triplicate. The characteristic morphological features of apoptosis (i.e., nuclear condensation) were also correlated with nuclear fluorescence. After washing, the slides were mounted using cover glass.
Western blot analysis. Protein extracts from homogenized samples (30 g/lane) or cell lysates (20 g/lane) were subjected to SDS-PAGE on a Tris-glycine gel and transferred to a polyvinylidene fluoride membrane. Immunoblotting was performed by incubating each membrane in 5% dry milk for 1 h, followed by incubation with an anti-␣-SMA monoclonal antibody (clone 1A4, 1:500 overnight at 4°C; R&D Systems), an anti-SOCS3 antibody (1:200 overnight at 4°C, Cell Signaling), or an anti-p-STAT3 (1:200 overnight at 4°C; Cell Signaling). After washing three times in TBST, each membrane was incubated for 1 h at RT with a peroxidase-conjugated secondary antibody (1:2,000 for ␣-SMA, SOCS3, and p-STAT3). Equivalent protein loading in each lane was confirmed by stripping and reblotting each membrane for GAPDH (1:10,000 for 30 min at RT, secondary 1:10,000 for 30 min at RT; Biodesign International, Saco, ME). The membranes were developed using enhanced chemiluminescence (Amersham Pharmacia Biotech, Piscataway, NJ), and the density of each band was determined using National Institutes of Health imageanalysis software and expressed as a percentage of GAPDH density. The location of the pSTAT3 band was confirmed using a positive control obtained from the manufacturer (no. 9133; Cell Signaling). Statistical analysis. Data are presented as means Ϯ SE. Differences at the 95% confidence level were considered significant. The experiment groups were compared using one-way ANOVA with a post hoc Bonferroni-Dunn test (JMP 5.0.1).
RESULTS

STAT3 activation during UUO.
To evaluate STAT3 activation during UUO, active STAT3 (pSTAT3) expression and immunohistochemical localization of pSTAT3 were evaluated in renal cortical tissue samples. pSTAT3 expression increased significantly in response to 1 or 2 wk of obstruction (Fig. 1A) ; however, a marked reduction in pSTAT3 expression was only detected in IL-18BP Tg mice exposed to 1 wk of obstruction. Similarly, a dramatic increase in the number of nuclei staining positive for pSTAT3 was observed in response to 1 or 2 wk of obstruction, with pSTAT3 staining localizing primarily to renal tubular epithelial cells (Fig. 1B) . pSTAT3 staining was only significantly reduced in IL-18BP Tg mice exposed to 1 wk of obstruction. These findings suggest that IL-18 is an early mediator of STAT3 activation during obstructive renal injury.
SOCS3 expression during UUO. To evaluate the negative regulation of STAT3 signaling during UUO, SOCS 3 expression was evaluated in response to obstruction. SOCS3 protein and gene expression increased significantly in response to 1 or 2 wk of obstruction, but levels were significantly reduced in IL-18BP Tg mice exposed to 1 wk of obstruction (Fig. 2, A and B) . SOCS 3 protein and gene expression were not significantly reduced in IL-18BP Tg mice exposed to 2 wk of obstruction.
HK-2 cell STAT3 activation in response to IL-18 stimulation. To evaluate the direct relationship between IL-18 stimulation and STAT3 activation in renal tubular cells, HK-2 cells were stimulated with IL-18 in the presence or absence of S3I-201. Direct cell stimulation with IL-18 significantly increased pSTAT3 expression, but pSTAT3 expression was reduced to control levels in the presence of S3I-201 (Fig. 3) . This supports our observations in vivo and provides further evidence that IL-18 directly stimulates STAT3 activation in TECs.
Role of STAT3 in IL-18 induced-HK-2 cell expression of SOCS3.
The negative regulation of STAT3 signaling in HK-2 cells following IL-18 stimulation was then evaluated by analyzing SOCS3 expression in the presence or absence of S3I-201. Cell lysate SOCS3 protein and mRNA expression were significantly increased in HK-2 cells exposed to IL-18 stimulation. STAT3 inhibition with S3I-201, however, dramatically reduced SOCS3 expression to control levels in the presence of IL-18 stimulation (Fig. 4, A and B) . These findings suggest that IL-18 stimulates STAT3 activation and SOCS3 expression in renal tubular cells in vitro, and that SOCS3 expression is dependent on STAT3 activity.
Role of STAT3 in IL-18 induced-HK-2 cell expression of profibrotic markers.
To evaluate the role of STAT3 inhibition in IL-18-induced renal tubular cell injury, HK-2 cells were stimulated with IL-18 in the presence or absence of S3I-201. The expression of the myofibroblast marker ␣-SMA was then evaluated in addition to collagen III expression and total collagen production. HK-2 cells subjected to IL-18 stimulation demonstrated a significant increase in ␣-SMA and collagen III expression as well as total collagen production. Treatment of the cells with S3I-201 during IL-18 stimulation, however, significantly reduced ␣-SMA and collagen expression (Fig. 5, A-C) . This suggests that STAT3 is an important mediator of IL-18-induced profibrotic injury in TECs.
Role of STAT3 in IL-18-induced-HK-2 cell apoptosis.
To evaluate the role of STAT3 inhibition in IL-18-induced apoptosis, HK-2 cells were stimulated with IL-18 in the presence or absence of S3I-201. As expected, the number of apoptotic nuclei increased significantly in response to IL-18 stimulation. IL-18-induced apoptosis, however, was dramatically reduced in the presence of STAT3 inhibition (Fig. 6, A and B) . This again demonstrates that STAT3 is an important mediator of IL-18-induced renal tubular cell injury. 
DISCUSSION
IL-18 is a proinflammatory cytokine implicated in the pathogenesis of many inflammatory diseases of the kidney, including urinary tract infections, renal ischemia-reperfusion injury, autoimmune conditions, allograft rejection, and most recently, obstructive nephropathy (4, 11, 14, 16, 33) . IL-18 stimulates tubulointerstitial fibrosis and tubular epithelial cell apoptosis during renal obstruction independently of TGF-␤ or TNF-␣. In vitro studies also demonstrate that IL-18 is capable of directly stimulating profibrotic changes and apoptosis in tubular epithelial cells in a dose-dependent fashion (4, 40) . While IL-18's proinflammatory effect via downstream NF-B activation on subsequent cytokine gene upregulation is widely recognized (7, 13) , this is the first study to demonstrate that IL-18 stimulates STAT3 activation during renal obstruction, and mediates profibrotic changes and apoptosis in TECs via STAT3 activation in vitro.
The STAT signaling pathway constitutes one of the primary regulatory pathways for cytokine expression (32) , and STAT signaling has increasingly been implicated in the pathophysiology of renal disease (27) . Among the STAT signaling pathways, STAT3 appears to be central and is best correlated with renal disease (27) . Kuratsune et al. (22) have demonstrated STAT3 activation in renal tubular epithelial cells and myofibroblasts in response to obstruction, with peak p-STAT3 expression occurring 7 days after the onset of obstruction. Despite IL-18's significant role in obstruction-induced renal injury, the impact of obstruction-induced IL-18 production on STAT3 activation has not previously been evaluated. Our data reveal that STAT3 expression is significantly increased in response to obstruction, and that active STAT3 expression primarily localizes to renal tubular epithelial cells. Obstruction-induced active STAT3 expression, however, is significantly reduced in the presence of IL-18 neutralization after 1 wk but not 2 wk of renal obstruction. Our observations corroborate the findings of Kuratsune et al. and implicate IL-18 as an important early mediator of STAT3 activation during renal obstruction.
The SOCS family of proteins are an important mechanism for the negative regulation of the JAK/STAT signaling pathway. SOCS proteins negatively regulate JAK/STAT signaling by either binding to and directly inhibiting JAK tyrosine kinase activity or competing with STATs for phosphotyrosine binding sites on cytokine receptors (21) . While increased SOCS3 expression has been demonstrated in renal tubular cells in vitro in response to IL-1␤ stimulation (24) , SOCS3 expression during renal obstruction and the effect of obstruction-induced IL-18 production on SOCS3 expression have not previously been evaluated. Our results demonstrate that renal cortical SOCS3 protein and mRNA expression peak in response to 1 wk of renal obstruction and remain significantly elevated in response to 2 wk of obstruction. This response was significantly reduced in the presence of IL-18 neutralization after 1 wk of obstruction, but not 2 wk of obstruction, suggesting that IL-18 is an early mediator of SOCS3 expression during obstructive renal injury. It is unclear; however, whether IL-18 induces SOCS3 expression directly in response to renal obstruction, or if SOCS3 expression is indirectly stimulated as a consequence of IL-18-induced STAT3 activation.
To further investigate the effect of IL-18 on STAT3 activation and signaling in renal tubular cells, HK-2 cells were stimulated with IL-18 in vitro in the presence or absence of the STAT3 inhibitor S3I-201. Direct cell stimulation with IL-18 induced a significant increase in active STAT3 expression as well as SOCS3 expression; however, both pSTAT3 and SOCS3 expression were reduced to control levels in the presence of S3I-201. These findings corroborate our in vivo observations and provide further evidence that IL-18 is an important mediator of STAT3 activation as well as the negative regulation of STAT signaling in renal tubular cells. IL-18 has previously been demonstrated to induce renal tubular epithelial cell transdifferentiation into myofibroblasts (EMT) in vitro and has been identified as a significant mediator of EMT and obstruction-induced tubulointerstitial fibrosis in vivo (4) . The accumulation of matrix-producing myofibroblasts is a prominent feature of tubulointerstitial fibrosis, and a large proportion of these cells appear to derive from tubular epithelial cells (20, 37) . Myofibroblasts are characterized by the expression of the mesenchymal marker ␣-SMA as well as the ability to produce extracellular matrix proteins. We therefore investigated STAT3's impact on IL-18-induced profibrotic renal tubular cell injury in vitro by evaluating ␣-SMA expression, collagen III expression, and total collagen production in the presence or absence of STAT3 inhibition. Consistent with our previous observations, IL-18 stimulation increased TEC expression of ␣-SMA and collagen III, and increased total collagen production in cell supernatants. STAT3 inhibition with S3I-201, however, dramatically reduced IL-18-induced ␣-SMA expression and collagen production in TECs, suggesting that STAT3 mediates IL-18-induced profibrotic renal tubular cell injury. These findings are corroborated by Liu et al. (24) , who demonstrated that IL-1␤ induces EMT in proximal tubular cells via the JAK/STAT signaling pathway.
In addition to fibrotic changes, IL-18 has been demonstrated to induce apoptosis and proapoptotic signaling in renal tubular epithelial cells in vitro in a dose-dependent fashion (40) . Previous studies have shown that IL-18 stimulates apoptotic cell death in a variety of cells through both TNF-␣ and Fas-dependent mechanisms (17, 26, 40) , but the impact of STAT3 on IL-18-induced apoptosis in TECs had not previously been evaluated. Our results demonstrate that STAT3 inhibition prevents IL-18-induced renal tubular apoptosis, suggesting that IL-18 stimulates renal tubular cell apoptosis via STAT3 activation.
Urinary tract obstruction stimulates the release of a number of cytokines and growth factors that contribute to tubulointerstitial fibrosis and progressive renal injury. This study demonstrates that IL-18 is an early mediator of STAT3 activation and SOCS3 expression in renal tubular cells and further implicates STAT3 in IL-18-induced profibrotic and apoptotic renal tubular cell injury in vitro. A greater understanding of STAT3's role in acute and chronic renal injury and the interaction between IL-18 and STAT signaling warrants further study. 
